ABSTRACT: ATP-binding cassette (ABC) transporters use the energy of ATP binding and hydrolysis to move a large variety of compounds across biological membranes. P-glycoprotein, involved in multidrug resistance, is the most investigated eukaryotic family member. Although a large number of biochemical and structural approaches have provided important information, the conformational dynamics underlying the coupling between ATP binding/hydrolysis and allocrite transport remains elusive. To tackle this issue, we performed molecular dynamic simulations for different nucleotide occupancy states of Sav1866, a prokaryotic Pglycoprotein homologue. The simulations reveal an outwardclosed conformation of the transmembrane domain that is stabilized by the binding of two ATP molecules. The hydrolysis of a single ATP leads the X-loop, a key motif of the ATP binding cassette, to interfere with the transmembrane domain and favor its outward-open conformation. Our findings provide a structural basis for the unidirectionality of transport in ABC exporters and suggest a ratio of one ATP hydrolyzed per transport cycle.
■ INTRODUCTION
ATP binding cassette (ABC) transporters use the energy of ATP binding and hydrolysis to move a large variety of compounds (allocrites) 1 across biological membranes as importers or exporters. The functional unit of ABC transporters consists of two highly conserved nucleotide-binding domains (NBDs) forming together two nucleotide-binding sites (NBSs, Figure 1B −E) that allow for ATP hydrolysis, and two less conserved transmembrane domains (TMDs) that allow for allocrite binding and transport. In prokaryotes, the functional unit generally consists of a homo-or heterodimer, each monomer comprising an NBD and a TMD; in eukaryotes the functional unit is often a monomer comprising two NBDs and two TMDs.
The most investigated eukaryotic exporter is the monomeric P-glycoprotein (Pgp, ABCB1). It protects cells from intrusion of toxins and drugs, and plays a major role in the acquisition of cellular resistance to antimicrobial and cancer chemotherapeutics. 2, 3 The protein has been crystallized in the nucleotide free form (apo-form) 4 ,5 revealing a conformation in which the NBDs are far apart from each other. The apo-form of MsbA, a homodimer from Escherichia coli that flops lipopolysaccharides and amphiphilic cations, 6 was crystallized in conformations with NBDs either separated or associated, revealing the high flexibility of these transporters. 7 The prokaryotic homodimeric Sav1866 (Sav) from Staphylococcus aureus is a homologue of Pgp that has been crystallized in nucleotide-bound conformations, maintaining the NBDs together 8, 9 ( Figure 1A ). Although its physiological function is not yet known, Sav has been demonstrated to transport amphiphilic compounds across cell membranes 10, 11 like Pgp. 12, 13 The basal and drug stimulated ATP hydrolysis rates of Pgp and Sav can be assessed rather accurately by monitoring either the release of phosphate from inside-out plasma membrane vesicles or reconstituted systems, 14 or the release of lactate from live cells. 15 Measuring transport is more difficult because allocrites are amphiphilic (comprising a hydrophilic and a hydrophobic moiety). They partition into the lipid membrane, bind to exporters in the cytosolic membrane leaflet, 16 and are transported to the extracellular membrane leaflet. As only a fraction of the transported allocrites reaches the extracellular aqueous phase, where the allocrite concentration is monitored (e.g. ref 17) , transport is generally underestimated, particularly if compounds are hydrophobic. In addition, a non-negligible fraction of allocrites escapes the transporter and diffuses across the membrane according to the concentration gradient. Passive diffusion thus tends to reduce net transport in cells and to enhance it in inside-out systems. 18 The experimentally determined number of ATP molecules hydrolyzed per allocrite molecule transported therefore varied from one 19 to approximately three, 20 depending on the systems and the allocrites used. These stoichiometric uncertainties led to different mechanistic transport models.
Senior and co-workers showed that both NBSs of Pgp were catalytically active, and trapping of Mg·ADP with vanadate at just one site resulted in full inhibition of the transporter's ATPase activity. 21−23 It was concluded that the two NBSs cannot function as catalytic sites simultaneously, but must alternate in catalysis (i.e., from a state in which two ATP molecules are bound, only one can hydrolyze), suggesting that one ATP is hydrolyzed per drug transported ("alternating catalytic sites scheme"). 23, 24 This model was further supported by experiments with the purified maltose transporter complex. 25 Ambudkar and co-workers also suggested that transport is coupled to the hydrolysis of one ATP, but assumed that the hydrolysis of a second ATP is required for resetting the transporter. 26 With the first low-resolution structures of Pgp in the absence and presence of nucleotides, 27 a different model called "alternating switch model" was proposed (for review see ref 28) . It assumes that binding of two ATP molecules at the interface of the NBDs induces an inward-closed/outward-open conformation and hydrolysis of two ATP molecules leads to an inward-open/outward-closed conformation. The model was supported by the high-resolution structure of the homodimeric Sav1866 (Sav), which shows an outward-open conformation in the presence of two AMP-PNP molecules (a poorly hydrolyzable ATP analogue), 29 and the structures of apo-Pgp, which show outward-closed/inward-open conformations. 4 31 This model is compatible with the alternating switch model mentioned above 28 but not with the alternating catalytic sites scheme. 23, 24 Although high-resolution structures have offered great insights on the function of ABC transporters, they only reflect snapshots of the complex catalytic cycle, and it remains to be examined how closely they reflect physiologically relevant conformations. Double electron−electron resonance (DEER) spectroscopy experiments with spin label pairs introduced at strategic locations of the MsbA, BmrCD, and TM287/288 transporters have provided information on the conformation of the NBDs and TMDs under turnover conditions. 33, 34 Table S1 summarizes the conformations provided by X-ray structures and those deduced from DEER experiments for different transporters. These data illustrate the wide range of conformations that are observed but not fully accounted for in currently proposed models. Hence, the hypothesis that association/dissociation of NBDs drives conformational changes in the TMD for drug transport is still open to question. Mechanistic insights at the atomistic level were provided by molecular dynamics simulations based on the highresolution structure of Sav. 35−40 Aittoniemi et al. highlighted the asymmetry of the X-ray structure, notably at the two NBDs, suggesting that only one ATP is hydrolyzed per drug transported. 36 In different simulations, nucleotides found in the X-ray structures have been removed, 35, 38 or replaced by ADP or ATP 36, 37, 39 to investigate their influence on the TMD. Although conformational changes of key loops were observed, no signaling pathway linking the NBD to the TMD has been described yet, and the stoichiometry of ATP hydrolyzed per drug transported still could not be determined conclusively.
To investigate the communication pathway between the NBDs and TMDs, we ran simulations of Sav in seven different nucleotide occupancy states. Interconversions between outward-closed and outward-open conformations of TMD were observed. The conformational change is related to ATP binding and hydrolysis, and communicated to the TMD through a route involving the Q-loop and X-loop. The simulations support that only one ATP is hydrolyzed per transport cycle and provide basis for the unidirectionality of transport in ABC exporters.
■ RESULTS
Outward-Closed and Outward-Open Conformations of the TMD. Seven different nucleotide occupancy states were set up based on the X-ray structure of Sav: 2ATP, 2ADP, 2apo, ATPI_ADPII, ATPI_apoII, ADPI_ATPII, and apoI_ATPII, indicating that the two NBSs are occupied by ATP or ADP, or are empty (apo). These account for most of the states postulated by two mechanisms under debate, the alternating catalytic sites mechanism, 23 and the processive clamp mechanism. 31 Both mechanisms assume a state in which two ATP molecules are bound to the exporter. Hydrolysis at one NBS leads to asymmetric occupancy states (ATPI_ADPII, ATPI_apoII, ADPI_ATPII, and apoI_ATPII). From these states, the alternating catalytic sites mechanism predicts that the remaining ATP would not be hydrolyzed, and another ATP would eventually bind to the free site. The processive clamp mechanism rather predicts hydrolysis at the second NBS, eventually leading to the 2ADP state and possibly the 2apo state (the combinations of ADP and apo were not modeled).
The different nucleotide occupancy states lead to either of two possible conformations of the TMD: A first one, similar to the X-ray structure with an outward facing cavity, and a second one in which the cavity has collapsed (Figure 2A ). To characterize these two conformations, the volume of the cavity at the level of the outer membrane leaflet (outer cavity) was calculated ( Figure 2B ). When the two NBSs are found in the same nucleotide occupancy state, i.e., 2ATP, 2ADP, and 2apo (symmetric cases), the volume of the outer cavity is small (less than 200 Å 3 ), indicating that the TMD is in an outward-closed conformation as shown in Figure 2A ). Interestingly, in the outward-closed conformation, particularly in the 2ATP state, the volume of the inner cavity is higher than that of the outer cavity.
In the outward-open state, the TMD cavity is hydrated and the polar head of 2 or 3 lipids diffuses into the interstice between helices 1 and 6 of the two subunits. By rotation of helix 1 and helix 6 of both subunits (see Figure S1 ), the outward-open conformation is converted into an outwardclosed conformation, in which the outer segments of these four helices come together to form a hydrophobic core at the level of the extracellular leaflet of the membrane ( Figure S2A ). Two pairs of residues, Thr276-Asp42 and Thr279-Lys38, form Hbonds between helix 1 and helix 6, stabilizing the closed conformation of the TMD ( Figure S2B ). Under these conditions water molecules are excluded from the upper leaflet hydrophobic bundle, while the inner cavity, which contains many polar side chains, remains largely hydrated ( Figure S2A ).
ATP Hydrolysis Induces Perturbation at the NBS. The signature motif and Walker A play a central role in ATP binding. When both NBSs are occupied by ATP (2ATP), the NBS binding distances (i.e., the distance between the Walker A of one subunit and the signature motif from the other subunit) remain quite stable at 9 Å, whereas when ADP replaces ATP at one site, the NBS binding distance increases at the corresponding site ( Figure 3A ). It is observed that, in the 2ATP state, two hydrogen bonds are formed, one between the beta phosphate of ATP and Lys380 in Walker A, the other between the gamma phosphate and Gly481 in the signature motif, which are also seen in the X-ray structure of MJ0796-E171Q with ATP, 41 HlyB-NBD-H662A with Mg-ATP, 32 and maltose transporter with AMP-PNP. 42 When ATP is replaced by ADP (as after ATP hydrolysis), the second hydrogen bond is missing, and hence the signature motif diffuses away, Figure 1C) . Wa, Wb: Walker A from the two subunits. Sb_Wa: distance between Sb and Wa, at NBS I. Sa_Wb: distance between Sa and Wb, at NBS II. See the scheme in Figure 1E . B: Time-series of distances between Xloop and Walker A. Xa, Xb: X-loop from subunit A(a) and B(b) (see Figure 1C ). Xb_Wa: distance between Xb and Wa, at NBS I. Xa_Wb: distance between Xa and Wb, at NBS II.
resulting in the increase of the NBS binding distance. In all occupancy states the distances remain <14 Å (see also Figure  S3C ). Since the X-loop is directly connected to the signature motif (see Figure 1D ), the hydrolysis also impacts on the Xloop conformation. The graphs presented in Figure 3B show that the distances between the X-loop and Walker A are correlated with the NBS binding distance. Ultimately, the hydrolysis of ATP leads to a displacement of about 2 Å at the level of the X-loop, allowing for the formation of new interactions between the X-loop and TMDs. The X-loop residue Arg474 notably destabilizes the H-bond formed by the two Gln208 residues at the bottom of helices 4 (see Figures S4  and S5 ). NBS Perturbations Impact on the Cohesion of Helices 3 and 4. Next, we investigated the relation between the disruption of the H-bond between the two Gln208 residues and the TMD conformational changes. We first calculated the distance between the backbone center-of-mass of the two Gln208 residues (Figures 4 and S6) . When two ATPs are bound, the distance between the two Gln208 is approximately 13 Å. When ADP replaces one of the ATP molecules, the distance increases to about 15 Å (Figure 4B ), which implies that the two helices 4 are moving away from each other, as illustrated by a superposition of structures taken from the simulations of the 2ATP and ATPI_ADPII states at t = 100 ns ( Figure 4A,C−D) . The plots in Figure 4E show that the distance between residues Gly118 and Gly201 also increases, indicating that the separation between helix 3 and helix 4 becomes larger. The increase of the separation distance between Gly118 and Gly201 is larger than that between the two Gln208 residues, suggesting that the rupture of the Gln208−Gln208 interaction leads to even larger changes along helix 3 and helix 4, and might contribute to the opening of the TMD toward the extracellular side.
As seen in Figure 5A , helix 3 and helix 4 form a hairpin and are kinked at the level of residues Gly138 and Gly183, which are found near the intracellular membrane−water interface. These kink angles ( Figure 5B,C, Figure S7 ), particularly that in helix 4 induced by residue Gly183, are strongly correlated to the NBD occupancy state. The plots in Figure 5C show that the kink angle in helix 4 is maximized when 2 ATPs are bound to the NBSs. After hydrolysis at either NBS, the kink angle of helix 4 is reduced in both subunits (see also Figure 5A , right panel). A straight helix 4 involves that the hairpin formed by helices 3 and 4 orients away from the central cavity ( Figure 6A ), while a kinked helix 4 implies an inward displacement of the hairpin ( Figure 6B) . Thus, the presence of these kinks at these specific positions provides structural flexibility that allows the hairpin formed by helices 3 and 4 to move toward the central cavity when two ATPs are bound, corresponding to the outwardclosed conformation, and away from it when one ATP is hydrolyzed, corresponding to the outward-open conformation Figure 6A,B) . Similar kinks, resulting from the presence of glycine or proline residues, are notably observed in helix 4 of the outward-closed structures of the related ABC exporters McjD 43 and PglK. 44 In addition to the interactions between helices 3 and 4 described above, there is a network of salt-bridges linking helices 1, 3, 4, and 6: Arg186 and Arg190 from helix 4 form salt-bridges with Asp312 from helix 6 ( Figure 6C, left) ; helix 3 and helix 6 are linked by a salt-bridge between Asp145 and Arg296 ( Figure 6C, center) ; helix 1 and helix 6 are connected through a salt-bridge formed by Arg4 and Asp319 ( Figure 6C , right). Time-series analyses show that these salt-bridges are stable along the simulations ( Figure S8) , suggesting that such a network could contribute to the transmission of the conformational changes among these helices. Whether the movement of the hairpin formed by helices 3 and 4 induces or is a consequence of the movement of helices 1 and 6 remains to be understood.
■ DISCUSSION
Structural data of ABC exporters suggest a wide range of conformations (Table S1 ) that need to be unambiguously associated with functional states. Our simulations of Sav1866 under different nucleotide occupancy states provide a novel signaling route between the NBDs and TMDs at the atomistic level. Conformational asymmetries of the NBDs appear to be central for the regulation of binding and hydrolysis of ATP. 45, 46 Our simulations further reveal that the release of the signature motif following ATP hydrolysis at only one of the two NBSs is a central process in the communication between the NBDs and TMDs (Figure 3) . The displacement of the signature motif is correlated with the displacement of the X-loop, which perturbs the tetrahelix bundle formed by helices 3 and 4, and in turn impacts on the conformation of the TMD. Such a signaling route is supported by the fact that mutation of charged residues at the tetrahelix bundle formed by helices 3 and 4 in another ABC exporter, MsbA, reduces transport activity, and was thought to impair conformational changes of the TMDs. 47 Departing from the outward-open X-ray structure of Sav with two nucleotides bound, the simulations of the 2ATP state show a tendency toward an outward-closed conformation. This conformation is coherent with the X-ray structures of McjD, another bacterial homodimeric transporter, in complex with AMP-PNP, 48 and with cross-link studies of Pgp that suggest close interaction of helices 6 and 12 in the prehydrolysis state (i.e., in the presence of 2 ATP or 2 AMP-PNP molecules).
49−51
The Sav outward-closed conformation, also observed in the 2ADP simulation, is reminiscent of the outward-occluded X-ray structure of PglK, an ATP dependent flippase, in complex with ADP. 44 Overall, the conformations observed in our MD simulations for given nucleotide occupancy states agree well with the conformational state distributions revealed by X-ray crystallography and DEER spectroscopy of different homodimeric and heterodimeric transporters (Table S1 ).
In the simulations, the spontaneous closure of the TMD cavity, which remains closed in the case of symmetric nucleotide occupancy states and reopens in the case of asymmetric occupancy states ( Figure 2B ), suggests that the Sav conformation observed in the X-ray structure might correspond to a transition state. Key interactions between helices 3 and 4 that are shown in our simulations to stabilize the outward-closed state are present in the X-ray structures, which nevertheless show the TMD in an outward-open state. In the crystal of Sav, the TMDs from neighboring proteins form contacts that could artificially stabilize the outward-open conformation ( Figure S9 ). Variation of crystal contacts under different crystallization conditions have been suggested to explain the wide distribution of conformations observed in ABC transporter. [7] [8] [9] 44 The detergent octaethylene glycol monododecyl ether (C 12 E 8 ), which was used in the crystallization of Sav, was demonstrated to be an allocrite for Sav 11 and Pgp, 52 and could also contribute to the stabilization of the outward-open conformation. Our simulations further suggest that lipids diffusing into the TMD cavity could stabilize the outward-open conformation.
Interestingly, the H-bonds between helix 1 and helix 6, which stabilize the outward-closed conformation, are reminiscent of H-bonds seen in the inward-open crystal structures of CmABCB1 (PDB ID: 3WME) 53 and TM287−288 (PDB ID: 4Q4A). 54 The fact that the hydrophobic bundle formed by helices 1 and 6 is found exclusively at the level of the extracellular leaflet of the membrane represents a key feature. It implies that, upon closure of the TMD, allocrites found in the outer cavity would be squeezed out toward the extracellular leaflet of the membrane, while allocrites in the inner cavity would be less affected, creating an asymmetry between the two leaflets and potentially giving rise to a directional transport mechanism. We thus propose a unidirectional model of active transport in ABC exporters (Figure 7) , comprising the outward-closed conformation (states 1 and 2) and the outward-open conformation (states 3 and 4). Given that the concentration of ATP in cells is typically in the millimolar range, C ATP = 1−10 mM, 55, 56 and that its dissociation constant is in the low millimolar range for Sav1866 and in the micromolar range for Pgp, 11 the apo state in either binding site is considered to be transient, and hence is not explicitly included in the model. A corollary is that the outward-closed conformation in the 2ADP state is unlikely to occur in the transport cycle and is thus not included as well. (1 The present data are consistent with the early model proposed by Senior and co-workers, 23, 24 suggesting transport of one allocrite per one ATP hydrolyzed, and provide the first mechanistic insight into this process. However, under conditions of fast ATP rebinding, our model suggests that hydrolysis at the NBSs is rather a stochastic than a strictly alternating process. The fact that hydrolysis takes place at only one NBS involves that the NBDs remain closely associated through the transport cycle, in opposition to the alternating access mechanism. Models in which the NBDs remain in contact were recently proposed for flipping of allocrites by the heterodimeric BmrCD 33 and of lipid-linked oligosaccharides by the homodimeric PglK. 44 While our model and the PglK model proposed by Perez et al. agree on the conformations adopted by the transporter throughout the transport cycle, our model brings rationale to support that hydrolysis takes place at only one NBS and not at both as the PglK model proposes.
In conclusion, our simulations revealed two stable states of the Sav1866 exporters: outward-closed when two ATP molecules are bound and outward-open when hydrolysis has taken place at one NBS. The structural differences between the two states suggest a putative communication pathway establishing a link between the nucleotide binding state at the NBD and the conformation of the TMD, allowing for a unidirectional transport mechanism. The driving force provided by ATP binding is thought to favor key interactions on the intracellular side of the TMD, but it remains unclear how such a driving force is propagated to the outermost segments of the TMD. Reciprocally, the opening of the TMD is thought to follow ATP hydrolysis at a single NBS and to arise from stochastic diffusion. The model provides a framework to address important remaining questions notably on the selectivity and transport of allocrites, as well as on the role played by allocrite binding in the regulation of ATP hydrolysis.
■ METHODS System Preparations. In order to explore the conformational changes of the Pgp and Sav structures, different molecular systems were assembled using the CHARMM-GUI web service. 57, 58 A first system was set up based on the crystal structure of apo-Pgp (PDB ID: 3G5U). Two Sav1866 structures are available (PDB ID: 2HYD, 2ONJ). We chose the one solved with two ADP molecules bound to its nucleotide-binding domain (PDB ID: 2HYD), which has a higher resolution (3.0 Å). Seven different systems of Sav were set up with different nucleotide occupancy states: 2ATP, 2ADP, 2apo, ATPI_ADPII, ATPI_apoII, ADPI_ATPII, and apoI_AT-PII. The first three labels correspond to symmetric nucleotide binding states, while the latter four cases correspond to asymmetric states, i.e., the two binding sites are in different states. The binding site constituted by Walker A of subunit A is called NBS I, while the one constituted by Walker A of subunit B is called NBS II.
In all the systems with nucleotides bound, a Mg 2+ ion is included next to each nucleotide. ADP coordinates are directly taken from the Sav structure with ADP. 8 The positions of ATP and Mg 2+ are determined by alignment of the NBD with the Xray structure of MJ0796-E171Q (PDB: 1L2T), 41 which includes ATP molecules and sodium ions at positions where magnesium ions should be found.
The TMDs of Pgp and Sav are embedded in a lipid bilayer composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid molecules. The membrane is positioned according to OPM (orientation of proteins in membrane database). The systems were solvated by about 24300 water molecules, and potassium/chloride ions were added to neutralize the systems and mimic a 150 mM KCl solution.
Molecular Simulations. The membrane systems were first equilibrated with CHARMM v36 59 according to a protocol provided by CHARMM-GUI 57,58 using the CHARMM36 force field. 60 Productions were carried out using NAMD 2.9 61 with the same force field. All the systems were set up under periodic boundary conditions in an NPT ensemble. The cutoff for both the Lennard-Jones and Coulomb interactions was set to 12 Å, with a switching function beginning at 10 Å. The nonbonded pair list, which includes all the pairs within 16 Å, was updated every 10 steps. Long-ranged electrostatic interactions were calculated using the particle mesh Ewald (PME) method with an interpolation order of 6. Langevin dynamics was used on non-hydrogen atoms to maintain the temperature at 323.15 K with a damping coefficient of 1/ps, whereas pressure was maintained at 1 atm using a Nose−Hoover Langevin piston with an oscillation period of 50 fs and an oscillation decay time of 25 fs. All bonds involving hydrogen atoms are constrained using the SHAKE algorithm. The time step for all simulations was 2 fs.
Structural Analysis. OpenStructure 62 was used for most of the analyses of the conformational changes along the simulation trajectories. The NBS "binding distance" was defined as the distance between the signature motif (residues 478 to 482) from one NBD and Walker A (residues 374 to 381) from the other NBD. The X-loop consists of residues 473 and 474 as shown in Figure 1B . All the distances are calculated using the center-of-mass of the backbone of the involved residues. The helical segments used for the analyses of conformational changes of helices 1, 3, 4, and 6 are shown in Tables S2 and S3. HOLE 63 was used to calculate the radius along the cavity of the TMD after the protein structures taken from the simulations were aligned to the Sav1866 X-ray structure (PDB ID: 2HYD) using VMD. 64 The volume of the TMD cavity was calculated based on the radii obtained for different positions across the membrane.
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